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The stacking of the metal complex [(5,6-dimethyl-1,10-phenanthroline)(1S,2S-diaminocyclohexane)platinum(II)]
2+
 
(56MESS) onto the surface of two different fullerenes, a carbon nanotube, and a C60-buckyball was examined. The 
metal complex forms a supramolecular complex with multi-walled carbon nanotubes (CNTs) but not with C60-
buckyballs. Binding of 56MESS to the CNTs is highly efficient (90 %) but can be further stabilized by the addition 
of the surfactant, pluronic F-127, resulting in a loading efficiency of 95 %. Molecular modelling shows that binding 
of 56MESS to the CNTs is supported by the large surface area of fullerene, whereas the more pronounced curvature 
and lack of a flat surface on the buckyballs affect the ability of 56MESS to form bonds to its surface. The loading of 
56MESS onto the CNTs is via π–π stacking from the metal complex phenanthroline ligand and C–H···π bonding 
from the diaminocyclohexane ligand. 56MESS has 13 critical bonding points with the CNTs, eight of which are π–π 
stacking bonds, but the metal complex forms only seven bonds with the buckyballs. In addition, the loading of 
56MESS onto the CNT results in a charge transfer of –0.111 eV. However, charge transfer is almost negligible for 
binding to the buckyball. 
The anticancer metal complex [(1,10-phenanthroline)(1S,2S-diaminocyclohexane)platinum(II)]
2+
 forms a 
supramolecular complex with multi-walled carbon nanotubes through π–π stacking. 
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Introduction 
Carbon is known to exist in several allotropes including amorphous carbon, diamond, graphite, 
graphene, and fullerene.
[1,2]
 The fullerene family (Fig. 1) consists of fused sp
2
-hybridized rings that are 
arranged in spherical cages (buckminsterfullerenes which are also known as buckyballs), as long 
cylinders (carbon nanotubes and nanohorns), and combinations of the two configurations (nanobuds).
[3]
 
Carbon nanotubes (CNTs) are a versatile group of molecules. To date, they have shown application in 
energy storage, catalysis, photothermal therapy and drug delivery, waste remediation, and as sensors and 
molecular switches, and super strong materials.
[4]
 These applications arise from their unique properties, 
which include high surface area, stiffness, stability and conductance. 
For usage, the CNTs can be used in their native state, however, typically they are modified through 
attachment of functional groups or molecules. Such modifications can involve the attachment of simple 
functional groups, such as carboxylic acids and ammines, directly onto the surface of the CNTs. 
Alternatively, other molecules can be attached through non-covalent interactions with the surface of the 
CNTs, which include hydrophobic effects, and taking advantage of the extended π-electron system 
through π–π stacking interactions. 
We are particularly interested in the attachment of metal complexes, particularly platinum, to CNTs as 
a potential means of drug delivery. Previously, platinum complexes have been encapsulated into the 
cavity of carbon nanotubes and nanohorns.
[5,6]
 They have also been chemically tethered to the surface of 
carbon nanotubes through the formation of coordination bonds with platinum atoms.
[7,8]
 There are also 
examples of platinum complex attachment by tethering platinum complexes to surfactants, which then 
form supramolecular complexes through hydrophobic interactions with the surface of CNTs.
[7]
 There are 
no examples, however, of supramolecular complexes of platinum with CNTs, whereby the metal is 
attached to the surface via π–π stacking. 
The metal complex [(5,6-dimethyl-1,10-phenanthroline)(1S,2S-diaminocyclohexane)platinum(II)]
2+
 
(56MESS) has been extensively examined, and its supramolecular complex formation with a range of 
other materials has been reported. These includes dendrimers,
[9]
 n-cyclodextrins, and calix[n]arenes,
[10]
 
and cucurbit[n]urils.
[11]
 The reported self-aggregation of phenanthroline-based platinum(II) complexes, 
i.e. 56MESS, in solution and the solid state via π–π stacking[12,13] means that it is an ideal candidate for 
examining the formation of supramolecular complexes with CNTs that also form via π–π stacking. 
In this paper, we report the first example of a supramolecular complex formed with a platinum 
compound and a carbon nanotube based on surface π–π stacking. The loading of 56MESS onto the 
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surface of the CNTs, and buckyballs for comparison, was examined using UV-visible spectroscopy and 
molecular modelling. 
Experimental 
Materials 
The metal complex 56MESS was made and characterized as previously described.
[14]
 All commercially 
available chemicals were used without further purification. 5,6-Dimethyl-1,10-phenanthroline, 1S,2S-
diaminocyclohexane, potassium tetrachloroplatinate(II) (98 %), and 5,5-multi-walled CNTs were 
purchased from Aldrich Chemical Co. Pluronic F-127 was purchased from Fluka. Deuterium oxide (D, 
99.9 %) was purchased from the Cambridge Isotope Laboratories. Sep-Pak® (2 g) C-18 reverse phase 
columns were purchased from Waters. Viva spin columns were purchased from Sartorius Biolab. 
Solvents acetone, diethyl ether, and ethanol were used without further purification. 
Instruments 
UV-Visible spectra were recorded on a Varian Cary 50 Bio spectrophotometer. Molar extinction 
coefficients (ε, M–1 cm–1) were determined from absorption maxima obtained in the range of 190–400 nm, 
using a 1 cm quartz cuvette. Samples were analyzed at room temperature and prepared in water. 
Sample Preparation 
Five concentrations of 56MESS between 5 μM and 50 μM were diluted with water and 15 mg of CNT 
or buckyball was added to each sample. Each sample was sonicated for 15 min, after which a black 
suspension was obtained. The suspension was centrifuged in Vivaspin™ columns at 3500 rpm for xxx in 
a Rotofix 32 Hettich Zentrifugen centrifuge. The same five concentrations of 56MESS between 5 μM and 
50 μM were prepared and diluted with 1 % pluronic F-127 solution and 15 mg of CNT or buckyball was 
added to each sample. Each sample was centrifuged at 3500 rpm for xxx in a Rotofix 32 Hettich 
Zentrifugen centrifuge. Statistical differences between samples were calculated using t-tests, with p 
values of <0.05 considered significant. 
Molecular Modelling 
All the quantum chemical calculations were carried out using the Gaussian G09 program package.
[15]
 
The fragment geometry of the nanotube with a length of 18.82 Å and 150 carbon atoms was taken from 
the fully optimized geometry of zig-zag (5,5)-CNT. Hydrogen atoms were added to the dangling carbon 
atoms of the CNT fragment. The geometries of the CNT with added hydrogen atoms, C60-buckyball, 
56MESS, and the supramolecular complexes of CNT-56MESS and buckyball-56MESS were fully 
relaxed without any geometrical constraints. The optimization was carried out using dispersion-corrected 
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density functional theory (DFT-D3(BJ), D3 with Becke-Johnson damping) on the B3LYP-D3(BJ) 
functional. The use of a dispersion-corrected function was essential to get reliable thermodynamic 
parameters for the non-covalent interactions.
[16]
 In order to induce the scalar relativistic effect for the 
heavy element platinum, the latter was treated with effective core potentials, the Los Alamos set of 
double-zeta type (Lanl2DZ) basis set, and the same basis set was used uniformly on all other 
elements.
[17,18]
 In order to confirm the proper convergence to minima, vibrational frequencies were 
computed for all the structures at the B3LYP-D3(BJ) /Lanl2DZ level and were confirmed to have no 
negative vibrational frequencies. The interaction energy (IE) was calculated using Eqn 1: 
IE = (EAB – (EA + EB)) (1) 
where EAB is the energy of the complex formed between the CNT model or buckyball and 56MESS. EA 
denotes the energy of the CNT or buckyball and EB denotes the energy of 56MESS. The strain energy 
EStrain was computed from the energy differences between the total energies of the molecules before and 
after the compound deformation during complexation. Partial charge analysis was completed using the 
natural bond orbitals (NBO) model with the program, Gaussian 09.
[19]
 In order to gain further insights 
into the bonding that exists between 56MESS and the fullerenes, topological analysis was performed 
using the MultiWfn package, and the corresponding wave functions were generated at the B3LYP-
D3(BJ)/Lanl2DZ level of theory. The non-covalent interaction reduced density gradient (NCI-RDG) plots 
were generated using the program MultiWfn using larger-sized grids.
[20]
 
Results and Discussion 
Carbon Nanotube Loading 
Native, or unfunctionalized, carbon nanotubes are not soluble in water, and as such, do not form 
suspensions. While some carbon nanotubes that have been functionalized with charged groups, for 
instance carboxylates or amines, can form suspensions in aqueous solvents, suspensions of 
unfunctionalized carbon nanotubes can only be generated by the addition of a surfactant. Given the 
cationic charge and good water solubility of 56MESS, we were first interested in determining whether 
suspensions of 56MESS (chloride salt)
[14]
 and a multi-walled CNT could be created without the use of a 
surfactant. Addition of 56MESS at all concentrations between 1.5 and 45 mg (2.55 × 10
–3
 to 0.077 mmol) 
per 1 mg mL
–1
 of CNT and sonication for 15 min resulted in a black suspension in all cases. These 
suspensions were stable for several weeks, after which they began to settle, leaving a clear, colourless 
solution and could be resuspended easily with shaking. 
The amount of 56MESS bound to the carbon nanotubes was determined by UV-visible spectroscopy. 
The metal complex absorbs strongly in the region between 200 and 300 nm, with two maxima at 231 and 
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286 nm. The UV absorbance of 56MESS, however, is not linear with concentration. It is known that 
many highly aromatic compounds, such as ethidium bromide or doxorubicin, form dimers in solution, 
which results in their fluorescence quenching. Importantly, it was found that 56MESS not only forms 
dimers, but also forms rod-like, self-aggregated supramolecular structures in solution that are up to 4 nm 
in length.
[12]
 These aggregates are held together by π–π stacking at a distance of 3.48 Å between each 
metal complex phenanthroline ring system.
[13]
 The effect of this self-aggregation is that the UV 
absorbance of 56MESS produces a curved line at concentrations higher than 10 µM. However, its 
absorbance is roughly linear at concentrations between 0 and 5 µM. As such, the concentration of 
56MESS was determined by UV-visible spectroscopy, with sample dilutions of concentrations less than 5 
µM for analysis. 
To determine the amount of 56MESS bound to the CNT, each sample of the CNT-56MESS 
supramolecular complex at different 56MESS-to-CNT ratios was centrifuged in Vivaspin® columns that 
contained a partitioning membrane with a molecular weight cut-off of 3000 Da. After centrifugation, all 
the CNT and the 56MESS-bound CNT remained in the top of the column, with unbound 56MESS 
washed to the bottom. The unbound 56MESS was diluted to appropriate concentrations, quantified by 
UV-visible, and used to determine the amount of bound 56MESS. Interestingly, at all 56MESS-to-CNT 
ratios examined, the amount of bound complex was 90.8 ± 1.1 %, implying that saturation had not been 
reached and that binding of 56MESS to the CNT is a dynamic process, which greatly favours the 
formation of the supramolecular complex. 
Because surfactants are routinely used to form suspensions of carbon nanotubes, we also sought to 
determine the effect of surfactant on the binding of 56MESS to the CNT. Pluronic® F-127 is a co-block 
polymer ~12000 Da in size (see Fig. 1). The surfactant has a low UV absorbance and has been used 
previously with carbon nanotubes.
[21]
 As such, it was chosen as a model surfactant for this study. The 
loading of 56MESS onto the CNT was undertaken with a 1 % w/v solution of pluronic F-127. The 
addition of the surfactant significantly (p < 0.0005) improved the retention of 56MESS, which increased 
to 95.2 ± 0.5 % from 90.8 % when the surfactant is not used. 
The most likely reason of 56MESS binding to the CNT is the ability of 56MESS to π–π stack on the 
surface of the nanotube. To test this, 56MESS was also added to solutions containing C60-buckyballs. 
Unlike carbon nanotubes, which because of their length and optimal curvature have a large flat surface 
onto which aromatic-rich ligands can π–π stack, the more pronounced curvature of buckyballs, with no 
large flat surface, was hypothesized to prevent effective π–π stacking. In addition, the curvature of the 
buckyballs also affects their sp
2
 orbitals, leading to secondary hybridization. From its curvature, the actual 
hybridization of buckyballs actually sits between the full sp
2
 hybridization of graphite and the sp
3
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hybridization of diamond.
[22]
 As strong sp
2
 orbitals are needed to facilitate π–π stacking, then the 
curvature-induced changes to the orbitals in a C60-buckyball would be expected to prevent 56MESS from 
forming a supramolecular complex with it. 
Similarly to the CNTs, the buckyball by itself does not form a suspension when added to pure water, 
even after sonication. The addition of 56MESS and sonication result in an initially dispersed solution, 
which settles in a matter of minutes (compared with weeks for CNT), indicating no significant or long-
term interaction between 56MESS and the buckyballs. This is consistent with the expected poor stacking 
from the buckyballs curvature and modified sp
2
 orbitals. 
The high loading of 56MESS onto the CNTs is due to one or more factors. Carbon nanotubes are 
known for their high surface areas, and it is possible that the high loading reflects the formation of a 
simple, but large, 56MESS monolayer onto the surface of the nanotube. Alternatively, the π–π stacking is 
possible, not only between the CNT and 56MESS, but also among 56MESS molecules. Previously, we 
have shown that phenanthroline metal complexes, including 56MESS, can self-aggregate in solution to 
form nanorods of up to 3.9 nm in length.
[12]
 Such nanorods are held together by π–π stacking between 
phenanthroline rings of the 56MESS molecules. Therefore, when a layer of 56MESS is initially stacked 
onto the surface of the CNT, it is possible that further π–π stacking of 56MESS occurs on top of this first 
layer, which would give rise to multiple shells of 56MESS surrounding the CNTs. 
Molecular Modelling 
The optimized geometries obtained from B3LYP-D3(BJ)/Lanl2DZ level calculations for 56MESS with 
the CNT and buckyball are shown in Fig. 2. For the purposes of modelling, we assumed a simple 
monolayer of 56MESS onto the surfaces of the fullerenes. The calculated closest distance between 
56MESS and either the CNT or buckyball were 2.58 and 2.76 Å, respectively. This closest distance was 
observed between the hydrogen atoms of the diaminocyclohexane ligand of 56MESS and the 
CNT/buckyball. The 1,10-phenanthroline ligand of 56MESS was found to sit at a distance of 3.28 and 
3.05 Å above the CNT and buckyball, respectively, which are consistent with a rough π–π stacking 
distance. These computed distances are shorter than the π –π stacking distances observed in the crystal 
structure of phenanthroline-based platinum(II) complexes when they self aggregate, indicating that 
interactions between 56MESS and the CNT/buckyball, when they form, are strong.
[13]
 The calculated 
interaction energies with and without basis set superposition error (BSSE) correction are shown in Table 
1. The interaction energies suggest that 56MESS has higher interaction energies with the CNT than with 
the buckyball. Furthermore, BSSE correction enhances the interaction energy of 56MESS. From 
examination of the optimized structures, it can be seen that 56MESS has more surface area coverage on 
the CNT than it does on the buckyball, as consistent with the experimental results obtained. 
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A notable feature for both the CNT and the C60-buckyball is the large structural change in 56MESS 
and CNT/buckyball after supramolecular complex formation. For the creation of a stable supramolecular 
complex, the geometric structures of the host molecules generally undergo less relaxation when compared 
with their guest molecules,
[23]
 and hence we explored if this was the case for 56MESS and the fullerenes. 
The results in Table 1 show the extent of the induced structural changes that occur upon supramolecular 
complex formation. The computed strain energy reveals that 56MESS undergoes a high structural 
reorganization upon stacking with CNT. The results also show that the strain energies are similar for both 
the CNT and the buckyball. 
The calculated NBO charge transfer values for 56MESS upon supramolecular complex formation are 
given in Table 1. The results show that a negligible charge transfer (0.066 eV) occurs from the metal 
complex to the buckyball in the case of the C60-56MESS complex. In contrast, a considerable charge 
transfer (–0.143 eV) from 56MESS to the fullerene was observed for the CNT. The computed HOMO–
LUMO gap value shows a reduction in the energy gaps (Egap) of 0.384 eV for the CNT and 0.388 eV for 
the buckyball. The reduction in the Egap for these two systems shows that supramolecular complex 
formation is likely a reversible process and is kinetically controllable. 
The frontier orbital for the fullerenes, 56MESS, and their resultant supramolecular complexes are 
shown in Fig. 3. It is clear that the electron-rich regions of the HOMO and LUMO of 56MESS reside 
largely on the phenanthroline rings. For 56MESS, the electron-rich regions are mainly localized on the 
benzene units, whereas the diaminocyclohexane ligand, as expected, has a low electron density. Upon 
supramolecular complex formation, the HOMO orbital is mainly localized on the fullerenes and the 
LUMO orbital is localized on the phenanthroline ring of 56MESS. 
Atoms-in-molecules theory is a convenient method to analyze the nature of the interactions in weak 
bonding systems. Fig. 4a, b shows the quantum theory of atoms in molecules (QTAIM) molecular graphs 
for both fullerene-56MESS supramolecular complexes. The intermolecular regions in each of these are 
associated with (3, –1) bond critical points (BCPs), which are mainly from the phenanthroline ring. For 
the CNT-56MESS complex, a total of 14 intermolecular BCPs are observed, whereas for the buckyball-
56MESS complex, only eight BCPs are observed. Furthermore, in the CNT-56MESS complex, there 
were six BCPs between the phenanthroline ring and the CNT that can be assigned to π–π stacking 
interactions, whereas only five π–π stacking BCPs are observed in the buckyball-56MESS complex. 
Thus, the number of BCPs between CNT and 56MESS accounts for the higher binding energy and the 
stability of the supramolecular complex are mainly due to the π–π stacking interactions and CH–π 
interactions. 
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In order to examine the non-covalent interactions in the system, we used the recently developed non-
covalent interaction index technique. More theoretical details on the NCI-RDG analysis can be obtained 
in the references [24,25]. It is evident from Fig. 4c that the complex formation between CNT and 
56MESS is stabilized by van der Waals interactions, whereas the complex formation between C60 and 
56MESS shows a repulsive interaction in addition to the van der Waals interaction (See Fig. 4d). The 
plots of xxx s versus xxx ρ for the supramolecular complexes are shown in Fig. 5. Characteristic features 
of sharp spikes in the low-gradient/low-density regions are considered to be a footprint for non-covalent 
interactions. The significant variation in several peaks indicates numerous weak intramolecular 
interactions of various kinds. From Fig. 5a, b, it is apparent that there are two spikes for the CNT-
56MESS complex and one spike for the buckyball-56MESS complex. The sharp peaks in the region 
below –0.010 a.u. corresponds to the existence of hydrogen bonding and C–H···π. And peaks that lie in 
the region –0.010 < ρ < –0.002 can be attributed to the weakly attractive π–π stacking interactions. The 
NCI-RDG isosurfaces for the complexes are provided in Fig. 5a, b; the colour coding used in these 
figures is as follows: blue for attractive forces such as hydrogen bonding, green for weakly attractive π–π 
stacking interactions, and red for steric and repulsive interactions. Thus, Fig. 5a shows that the CNT-
56MESS complex has significant π–π stacking and C–H···π interactions, which account for the higher 
stability of the supramolecular complex with CNT when compared with that of the complex formed with 
the buckyball. 
Conclusions 
We have demonstrated the first example of a supramolecular complex between a platinum anticancer 
complex and a carbon nanotube that is stabilized via surface π–π stacking and C–H···π interactions. 
Addition of the surfactant pluronic F-127 further stabilizes the supramolecular complex such that up to 95 
% of the drug is retained on the surface of the CNTs at concentrations up to 45 mg of 56MESS per 1 mg 
mL
–1
 CNT. 
Supplementary Material 
XXX are available on the Journal’s website. 
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Fig. 1. Chemical structures of (a) a carbon nanotube, (b) a C60-buckyball, (c) the phenanthroline-based complex 
56MESS, and (d) the non-ionic surfactant pluronic F-127 (where x = 100 and y = 65). Counter ions (usually 
chlorides) have been omitted for clarity. 
Fig. 2. Optimized geometries of (a) the side view and (b) the top view of 56MESS with a CNT and (b) 56MESS 
with a C60-buckyball. 
Fig. 3. Isosurfaces of HOMO and LUMO of (a) CNT, (b) 56MESS, and (c) the CNT-56MESS supramolecular 
complex. 
Fig. 4. QTAIM molecular graphs of (a) the CNT-56MESS complex and and (b) the buckyball-56MESS complex. 
Their respective NCI-RDG isosurfaces are shown in (c) and (d). The isosurface value is s = 0.3. 
Fig. 5. Plots of s versus ρ for (a) the CNT-56MESS complex and (b) the buckyball-56MESS complex. The figure 
insets are the corresponding NCI-RDG isosurfaces with s = 0.3 
Table 1. Calculated interaction energies, strain energy of 56MESS and the fullerenes, charge 
transfer as determined by NBO, and HOMO–LUMO gap of the supramolecular complexes 
Complex Strain energy [eV] Interaction energy [eV] Charge transfer 
by NBO 
analysis [a.u.] 
HOMO–
LUMO ap 
[eV]
A 
56MESS Host Uncorrected BSSE-
Corrected 
C60-56MESS 0.091 0.009
B 1.23 1.49 +0.066 2.455 (2.839) 
CNT-56MESS 0.142 0.012C 3.92 5.28 –0.143 1.053 (1.441) 
Comment [MC17]: Please check that the newly 
inserted labels are correct. 
 
Author: these changes are incorrect. Caption should 
read: Optimized geometries of (a) side views of 
56MESS with a CNT and (b) 56MESS with a C60-
buckyball. 
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A
The values in parentheses are for the free buckyball or free CNT.
 B
Fullerene. 
C
CNT. 
 
